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The application of robotic microarraying techniques and laser-based image analysis has led to the development of DNA microarrays as a powerful tool for the global analysis of transcriptional responses of cells and microorganisms to perturbations in their environment such as stress (23, 47) . The major source of DNA sequences for gene probes are currently cloned fragments, often amplified by PCR, but the relatively affordable synthesis of oligonucleotides long enough to afford appropriate hybrid stability and specificity (especially strand specificity) provides another approach. The use of defined oligonucleotide probes is especially attractive for the synthesis of microarrays specific for large viral pathogens, and Chambers et al. have reported a highly effective chip for global assay of human cytomegalovirus (human herpesvirus 5) using 75-mers (6) . Indeed, this is the first description of a chip for a human pathogen. We have used this approach to synthesize a firstgeneration chip for the analysis of herpes simplex virus type 1 (HSV-1; human herpesvirus 1) of equivalent specificity and sensitivity.
Despite HSV replication and pathogenesis being phenomenologically well characterized (see references 53 to 56 for recent reviews emphasizing our point of view), there are plenty of gaps remaining in our understanding of its mechanistic basis. A rapidly resolving initial acute infection is followed by lifelong latent infection interspersed with sporadic reactivation episodes. HSV (as well as other herpesviruses) has a promoterrich genome. During infection, specific promoters mapping at cognate genes mediate transcript expression. All data suggest that the coordinate regulation of expression of viral transcripts must involve the transcriptional machinery of the cell in toto. A major factor in the control of viral gene expression is the differential activity of promoters whose functional architecture is, in large part, responsible for controlling access to the transcriptional machinery of the cell. A second major factor in the regulation of expression of at least some viral genes is the alteration of posttranscriptional processing and transport of viral transcripts mediated by the activity of the immediateearly ␣27 (ICP27) gene (42, 50) . In this light and in the most general sense, regulation of HSV gene expression can be understood only in light of normal cellular transcription processes. While viral regulatory proteins operate to drastically alter the regulatory environment of the host cell during infection, their effects are manifest through existing cellular transcription factors and enzymes. Two well-studied examples of this fact are the initial activation of immediate-early viral regulatory genes by the potent trans activator ␣-TIF (U L 48) in conjunction with the action of a cellular adapter, Oct-1 (2, 58) . And, the global transcriptional activator ␣4 (ICP4), itself related to a cellular transcriptional activator (26) , functions through stabilization of the binding of TFIID (10) .
Global analysis of viral transcription under various conditions of infection will provide a powerful tool for further analysis of the HSV transcription program. We have applied sequence-based computer programs and our own databases to select sets of 75-nucleotide (nt) oligonucleotide sequences within the HSV-1 genome (Genbank accession number NC001806) that are specific for the expression of individual viral transcripts. With an eye toward efficient synthesis of oligo(dT)-primed cDNA from RNA isolated from infected cells and tissues, we have probed the 52 polyadenylation sites known to function in the viral genome. More than half of the total viral transcripts are terminated with a unique polyadenylation site and thus can be uniquely specified with unique oligonucleotides adjacent to the polyadenylation sites. Accordingly, we arrayed these oligonucleotide probes on glass slides to generate a first-generation HSV-1 DNA microarray (HSV-chip). We have included a set of cellular oligonucleotide probes specific for a number of transcripts expressed from genes involved in cellular response pathways to provide an indicator of the response of the cell to virus infection under the conditions surveyed here.
We have used nick-translated viral DNA and cloned DNA fragments to optimize hybridization conditions and demonstrate the high specificity of this first-generation chip. We next generated oligo(dT)-primed cDNA labeled with Cy3-and Cy5-tagged fluorescent nucleoside derivatives generated from RNA isolated from cells infected and mock infected with HSV under various conditions, which influence the class of viral and cellular genes expressed. Thus, inhibition of de novo protein synthesis allows only expression of immediate-early genes, blockage of DNA replication inhibits expression of strict late genes, isolation of RNA at short times after infection results in high enrichment of early-phase transcripts, and isolation of RNA at a time of high rates of viral genome replication results in preferential recovery of late transcripts. The data presented here demonstrate that all classes of viral transcripts can be detected with good efficiency and very high specificity. Further, a limited set of cellular transcripts are induced following infection against a general background of virus-mediated shutoff of cellular gene expression. Measurement of the transcript population abundant in cells infected with a mutant of HSV-1 lacking a functional ␣27 (U L 54) gene revealed significantly different patterns of both viral and cellular genes.
MATERIALS AND METHODS
Selection and synthesis of oligonucleotide probes for the microarray. We followed published methodology (6, 47) to select a total of 99 individual 75-mers specific for individual HSV-1 transcription units. The positions of these oligonucleotides vis-à-vis the sequence of the genome of HSV-1 strain 17syn ϩ are shown in Table 1 . Our overall criteria for choice were as follows. We concentrated within 300 nt of the polyadenylation [poly(A)] signal for each transcript group because synthesis of cDNA using oligo(dT) primers with the bulky Cy3-and Cy5-tagged dCTP produces a product of average length of less than 500 nt. We then used the commercial Oligo6 program (Molecular Biology Insights, Cascade, Colo.) to scan these sequences and chose 75-mers whose base composition was near the average for the region as a whole and which did not display a large deal of self-homology that would lead to the formation of hairpin loops. Oligonucleotides thus chosen had GϩC contents ranging from 50 to 80%. Two nonoverlapping oligomers were chosen for all abundant transcripts. Cell genes (GenBank notation) and accession numbers from which specific oligonucleotides were synthesized are as follows : ATF3, L19871; JUNC, J04111; CCNA  cyclinA, M963390; JUND, NM005354; MAPK, NM002745; MBP-2, X65644;  MHC-1, NM005514; MHC-2, AH002891; CvDC25A, NM001789; mlkBa,  L32976; CvDC25B, NM004358; NFAT1, U43341, CYCLIN B, M25753; NF-Y,  NM002505; CYCLIND1, NM001758; NF-YB, NM006166; E2F1, AH006643;  N-SHC, D84361; E2F2, NM004091; p107, NM002895; p130 HSP130K, X76061;  p15, U19796; E2F5, NM001951; p16, U12820; EGR1, NM001964; p18, J04991;  ELK, NM005229; p19, U71364; FAS-1A, D38122; p21 (PAK1), NM002576;  FAS-2, M67454; p27, NM005532; FOS, NM005252; p300, NM001429; FRA1,  NM005438; p38 (RPP38), NM006414; p53, AAF63442; p65NFkB, A42017;  RARa1, NM000964; RARb, NM000965; RXRb, AF120161; IL6, S56892;  INF␣/␤, M54886; SRF, NM003131; INT6, UP4175; STAT2, NM005419; IRF1,  NM002198; STAT5, NM003252; ISG 54K E1, M14659; STAT6, NM003153; ISG  54K E2, M14660; TAP1, L21207; ISG F3g p48, NM000107; JAK3,  NM000215; JNK, NM002750; JUN B, NM002229; UNG, NM003362; and JUNBta, U20734. Oligonucleotides were synthesized by using a PE Perseptive Bio-System (Framingham, Mass.) Expedite MOSS DNA synthesizer with membrane columns. Synthesized gene target oligonucleotides were cleaved, deprotected, and purified by standard procedures. Probe oligonucleotides were transferred in triplicate to 96-well master plates at a concentration of 1 g/l in 3ϫ SSC (1ϫ SSC is 0.15 M NaCl plus 0.015 M sodium citrate) for robotic deposition. 
a R designates rightward transcription; i.e., the sense of the transcript is the same sense as the prototypical genome arrangement. L designates leftward transcription; i.e., the sense of the transcript is opposite genome sense.
b The number designates the location of the first base of each oligonucleotide read in the sense of transcript. Therefore, probes designated R are read genome sense left to right, and those designated L are read right to left on the complementary DNA strand.
c Differentially used at early and late times. d Weak poly(A) site. e Poly(A) site usage is regulated. f Significant transcriptional read-through in some cell types.
Generation of microarrays, hybridization, and scanning. The deposition printing of DNA was carried out as described in reference 6. The microarrayer tip delivered approximately 4 nl per spot on prescreened custom-made polylysinecoated glass slides (46, 47; see also http://www.gene-chips.com/). Microarrays were hybridized for 16 h in 5ϫ SSC-0.2% sodium dodecyl sulfate (SDS) at 68°C under coverslips with combined Cy5dCTP and Cy3dCTP (Amersham)-labeled DNA. The entire assembly was enclosed in a custom-made hybridization chamber. After hybridization, the microarray slide assembly was washed for 5 min in 1ϫ SSC-0.2% SDS at room temperature for 5 min, 5 min in 0.1ϫ SSC-0.2% SDS at room temperature, and 1 min in 0.1ϫ SSC, spun dry in a low-speed centrifuge, and scanned. Microarrays were scanned by using a confocal laser ScanArray 4000 (General Scanning, Inc.) system. Data were collected at a maximum resolution of 10 m/pixel with 16 bits of depth by using Quantarray software (General Scanning).
Cells and virus. We used HSV-1 (17syn ϩ ) for kinetic and control experiments. The 27lacZ mutant, in which a ␤-galactosidase cassette was inserted into the ␣27 (U L 54) gene to inactivate the protein, was constructed from the KOS strain, and control experiments with this virus were done with the wild-type (wt) parent (40, 49, 52) . Cultures of 5 ϫ 10 6 HeLa cells in 100-mm 2 plates were used for infections at a multiplicity of infection of 5 PFU/cell except where indicated otherwise. Cells were maintained at 37°C under 5% carbon dioxide in Eagle minimum essential medium containing 5% calf serum, 100 U of penicillin per ml, and 100 g of streptomycin per ml.
RNA preparation, cDNA synthesis, and nick translation. We followed published procedures (11, 12, 24, 27, 31, 47, 56) to extract total RNA from infected and mock-infected cells. Virus was adsorbed for 30 min prior to addition of fresh overlay medium. For preparation of RNA from cycloheximide and phosphonoacetic acid (PAA)-treated cells, cells were pretreated with drug for 30 min prior to addition of virus, and drug was present in the virus inocula and overlay medium. At appropriate times, cultures were rinsed twice with ice-cold saline containing cycloheximide (50 g/ml), scraped and deposited by low-speed centrifugation, and then extracted with guanidinium isothiocyanate. Extracted RNA was recovered by pelleting through a 5.7 M CsCl cushion by centrifugation for 16 h at 36,000 rpm in a Beckman SW41 rotor. RNA recoveries were approximately 200 g per dish.
Fluorescence-labeled cDNA was prepared from 40-g aliquots of total infected or mock-infected cell RNA by oligo(dT)-primed polymerization by using SuperScript II reverse transcriptase (Gibco-BRL). The pool of nucleotides in the labeling reaction consisted of 0.5 mM dGTP, dATP, and dTTP and 0.3 mM dCTP and fluorescent nucleotides (Cy3dCTP and Cy5dCTP; Amersham) at 0.1 mM. All experiments with virus-infected cell RNA or nick-translated viral DNA were carried out with the Cy3 label. Nick-translated DNA was synthesized in a mixture of 50 mM Tris-HCl (pH 7.2), 10 mM MgSO 4 , and 0.1 mM dithiothreitol with 20 m dATP, dTTP, dGTP, and Cy3dCTP. Fluorescence-labeled DNA was purified by chromatography through Microcon YM-30 columns (Amicon), then heat denatured for 2 min at 100°C, and incubated 20 to 30 min at 37°C before use. Hybridization was for 16 h at 68°C using 3ϫ SSC-0.3% SDS under a glass coverslip. The array area was ca. 3 cm 2 , and total hybridization volume was 20 l.
RESULTS
Demonstration of hybridization specificity. We first established probe specificity. We hybridized chips with probes arrayed in triplicate with fluorescence-labeled nick-translated HSV DNA at 65, 68, and 72°C. We found no appreciable cross-hybridization to the cellular probes (data not shown). We surveyed signal strength and plotted this versus GϩC content of the probe. We found 68°C to be the best overall temperature, since it provided the strongest hybridization signals with no obvious correlation with GϩC content (Fig. 1) . Specificity was further checked by hybridization with nick-translated DNA from a plasmid in which only the high-GϩC joint and repeat regions were cloned (an XhoI/EcoRI fragment spanning 0.81 to 0.86 map units); here only the joint and repeat regions represented in the clone provided a hybridization signal (data not shown).
Patterns of RNA expression as a function of conditions of infection. We isolated RNA from HeLa cells infected with HSV-1 (5 PFU/cell) under various conditions of infection. Results of hybridization of cDNA generated from RNA isolated from cells 3 h postinfection (p.i.) in the presence of cycloheximide (50 g/ml), 2 h p.i. with no drug, 4 h p.i. in the presence of PAA (300 g/ml) to inhibit viral DNA replication, and 8 h p.i. with no drug are shown in Table 2 . Each value is the median of values from two completely separate experiments with a total number of probes spotted per transcript unit ranging from 6 to 12. No normalization between experiments was carried out, but each group of signals was compared to mockinfected controls, and the difference was ranked. The statistical analysis is described in the table footnotes, and a significant value (i.e., one showing a significant difference) was one with a rank of Յ0.05.
Clearly, different individual transcripts reach their maximum levels under different conditions of infection. These levels generally reflect the kinetics of expression of the transcripts as determined by numerous individual Northern blot, RNase protection, and primer extension analyses carried out by us as well as many other laboratories over the past two decades (29, 37, 45, 53, 55, 62) . The statistical significances of the differences between early (2-h) and late (8-h) hybridization patterns are also listed in Table 2 .
The average (mean) values from individual cycloheximide, 2-h, and 8-h RNA experiments are shown in Table 1 at 68°C is plotted against the GϩC content of each probe. a Signal intensities were determined by calculating the median of background-subtracted values for two independent experiments based on 6 or 12 replicates. P values reported with corresponding median values (Rank) were determined by ranking the replicate values for each sequence (n ϭ 6 or 12) from both mock-infected and HSV-infected cells. The null hypothesis (P ϭ 1), that mock and HSV groups are identical, was tested for the ranked values instead of the background-adjusted values by using Student's t test with two-tail distribution and assuming unequal variance. This procedure of applying Student's t test to the rank of the signals instead the signal values is an approximation to the nonparametric Mann-Whitney rank test (16) .
b Early mapping and kinetic data are compiled in reference 45. L, late; IE, immediate early; E, early. c General information concerning genetic functions can be found in reference 37. dance transcripts was eliminated by increasing the stringency of inhibition of protein synthesis through raising the inhibitor concentration to 100 g/ml (data not shown). Under these conditions, expression of the ␣27 (U L 54) transcript is also markedly reduced. We also isolated RNA from rabbit skin cells infected at the same multiplicity and incubated for 3 h in the presence of the lower amount of inhibitor. There was no evident expression of transcripts detected by either the U L 30-or U L 39/40-specific probe, but the relative expression of the ␣27 transcript was comparable to that seen in HeLa cells at the same inhibitor concentration (data not shown).
The hybridization pattern due to the presence of RNA expressed at 2 h p.i. was, as expected, considerably more complex (Fig. 2B) . The relative abundance of thymidine kinase (U L 23), the early alkaline exonuclease transcript (U L 12), DNA polymerase (U L 30), ␣27, and many of the early transcripts of the short unique region are evident. On the other hand, results for 8-h RNA hybridization (Fig. 2C) reveal the relative increase in abundance of both strict late and leaky late transcripts, including those hybridizing to the U.18 probe (containing the major capsids [U L 19]-encoding transcript), the strict late U L 38 capsid protein, and the gC-and U L 45-encoding transcripts revealed with the U.44 probe. In addition, the relative decline in abundance of some early transcripts such as thymidine kinase, ␣27, and DNA polymerase are notable.
While this analysis is generally consistent with the kinetic classification of individual transcripts arrived at both by analysis of stable transcripts and by incorporation of radioactive precursors as a measure of synthesis at a specific time or in the presence of metabolic inhibitors, there are some notable differences. One factor is a difference in the stability of viral transcripts in HeLa cells compared to rabbit skin cells, where thorough transcription studies have been carried out. For example, we have extensively studied the properties of the promoter controlling the expression of the U L 37 transcript in HSV-infected rabbit skin cells (30, 62) . All data demonstrate that this is a low-abundance early transcript controlled by a relatively weak promoter. Despite this, the level of this transcript increases in HeLa cells between 2 and 8 h ( Table 2) .
Continuous labeling using [ 32 P]orthophosphate experiments demonstrated that the 3.6-kb U L 37 transcript continues to accumulate in HeLa cells (1), and we confirmed that this difference is cell based by carrying out a comparative analysis of the ratio of cDNA generated from RNA isolated at late (7 h p.i.) and early (3 h p.i.) times in rabbit skin cells. Here, the abundance of this transcript declines as would be expected for an early transcript (Table 3 ). Both the similarities and differences between the ratios of RNA abundance at late versus early times following infection of HeLa and rabbit skin cells is readily apparent when the log 10 of each ratio is plotted as shown in Fig. 3 . The possible significance of other differences is considered in Discussion.
Global analysis of viral transcripts accumulating in the absence of the ␣27 gene product. The above results demonstrate the efficiency of the HSV-1 DNA microarray for detecting differential accumulation of viral transcripts as a function of conditions of infection. We also compared the relative abundance of viral transcripts in cells 6 h after infection with the 27lacZ mutant of the KOS strain of HSV-1 versus the parental wt virus. The data in Table 4 show that there are generally three groups of transcripts. The first group evidenced expression near or above wt levels. Thus, in the mutant infections a total of 10 of the 52 transcript sets had a rank statistically equivalent to the wt level (i.e., P ϾϾ 0.05), and one (ICP4) was 
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HSV-1 DNA MICROARRAYpresent at greater than the wt level (P Ͻ 0.0001). The majority (39 of 52) of transcript sets analyzed showed a statistically significant reduction in abundance following infection with the mutant virus. Of these, about half (21 of 39) were reduced by a factor of 5 or more. As detailed in Discussion, the effects seen are generally consistent with a number of other studies using different approaches.
Response of selected cellular transcripts to HSV-1 infection. As outlined in Materials and Methods, we designed the present DNA microarray to contain selected human genes, a number of which are expressed by transcripts known to be responsive to perturbations of the cellular environment. Not unexpectedly, we found that the maximum signal for most cellular genes probed was significantly less than seen for the viral transcripts, but the 57 genes listed in Table 5 all provided a signal during at least one of the conditions tested that was reproducibly above the background level seen with a control human cytomegalovirus probe (U L 124R) included as a negative control.
We first analyzed cellular mRNA abundance in HeLa cells immediately following the 30-min virus adsorption period with that compared to a mock-infected sample as a control for differential efficiency of detecting the infected cell Cy3 label versus the uninfected cell Cy5 label. This 0-h time point control was used to establish a baseline for the expected normal level of cellular transcript. We then analyzed cellular mRNA abundance in HeLa cells at 2 and 8 h after infection with the 17syn ϩ strain of HSV-1. The average data from two independent experiments are shown in Table 5 , and the log 10 of each ratio of a Signal intensities were determined by calculating the median of background-subtracted values for three independent experiments based on 9 or 18 replicates. P values reported with corresponding median values (Rank) were determined by ranking the replicate values for each sequence (n ϭ 9 or 18) from both mock-and HSV-infected cells. The null hypothesis, that mock and HSV groups are identical, was tested for the ranked values instead of the background adjusted values by using Student's t test with two-tail distribution and assuming unequal variance. This procedure of applying Student's t test to the rank of the signals instead the signal values is an approximation to the nonparametric Mann-Whitney rank test (16) . Boldface entries are comparable or increased in 27lacZ (an insertion mutant expressing a chimeric transcript [40, 49, 52] ) infection compared to wt KOS infection.
b The null hypothesis is that the mutant (27lacZ) and wt signals are the same. c Signal too low under conditions used for a meaningful conclusion. d P Ͻ 0.0001. infected cell to uninfected cell abundance is shown graphically in Fig. 4A . Notably, against (an expected) general decline in cellular mRNA abundance, transcripts representing database entries ATF3, INF␣/␤, ISG 54K E2, JUNC, N-SHC, and TAP1 were present at levels near or above control values at either the 2-or 8-h time point. The effect of infection of the 27lacZ mutant on cellular transcript abundance was more varied (Table 5 and Fig. 4B ). The major decline in transcript abundance is not seen at 6 h following infection with this mutant, but some transcripts are markedly reduced compared to control values. These include CYCLIND1, IL6, JUNC, MHC-2, p107, p130 HSP130K, and RARb. Transcripts specific for INF␣/␤, JUNBta, JUND, N-SHC, p15, p16, p27, and TAP1 were significantly increased in abundance compared to control values.
DISCUSSION
The data presented here demonstrate the power of the approach of using defined oligonucleotide probes for the HSV-1 DNA microarray. Such a microarray provides an additional convenient addition to the available tools for the investigation of HSV transcription. Our immediate goal was to construct a microarray with the minimum number of probes necessary to uniquely detect all groups of HSV transcripts as well as diagnostic host cell genes perturbed by viral infection. Our criteria for choosing appropriate probes included position relative to the transcript polyadenylation site, lack of internal repeat or reiterated sequences, and base composition near the average for the region of DNA being transcribed. The first-generation chip that we have constructed demonstrates that these criteria are sufficient for the choice of probes displaying excellent spec -FIG. 3 . The log 10 of the ratio of late to early infected HeLa and rabbit skin cell viral RNA is plotted to emphasize time-specific differences in abundance. The late and early times for HeLa cells are 8 and 2 h p.i., respectively; those for rabbit skin cells are 7 and 3 h p.i. ificity and adequate sensitivity for assaying the expression of a large number of viral genes under various conditions of infection. Despite its value, however, it is important to note that further probes and cDNA synthesis regimens will be necessary to fully optimize the specificity of detection of individual viral genes transcribed. Our ultimate goal is to apply this microarray technology to direct analysis of viral gene expression in specific tissues and in animals.
Since the general patterns of HSV-1 gene expression during productive infection are well known, as is the transcription program and relationship of transcripts to genomic sequence, we used viral RNA isolated under varied conditions of infection to serve as our basic platform for assaying the capabilities of the present microarray for detailed global analysis of viral transcript abundance.
Microarray analysis of HSV mRNA abundance. General patterns of viral gene expression and gene function have been derived from studies where relatively large quantities of cultured cells are infected under selected and/or optimized conditions (see references 53 and 55 for recent reviews emphasizing our own point of view on this broadly studied topic). The summary microarray data presented in Table 2 are in good general agreement with the far more laboriously formulated kinetic classification of viral transcripts based on Northern blot, hybrid selection, RNase protection, primer extension, and metabolic labeling studies carried out over the past two decades. There are, of course, some areas of nonagreement. Some of these are due to lack of resolution of the current chip, since coterminal transcripts of different kinetic classes cannot be distinguished. Also, and not surprisingly, some discrepancies are seen with transcripts expressed with low abundance. And it is clear that the actual cell in which the studies are carried out has a significant bearing on the relative proportion of viral transcripts recovered at any given time or under any particular conditions of infection. Thus, HeLa cells require quite high levels of cycloheximide (100 g/ml) to suppress low-level expression of one or two nominally early HSV transcripts. Also, the early U L 37 transcript continues to accumulate late in infected HeLa cells but not rabbit skin cells (Table  3) . Another example can be seen in the level of the prototypical immediate-early ␣4 transcript, which does not change much between 2 and 8 h in HeLa cells but decreases markedly in rabbit skin cells (compare Tables 2 and 3 ). While most differences in accumulation can be ascribed to differential mRNA stability in the various cells infected with the virus, other differences may reflect differences in the efficiency of shutoff of early transcription at late times in various cell types. Indeed, the sharp shutoff with rabbit skin cells is the major reason that we have used them for our continuing kinetic studies (62) .
Most of these relatively few discrepancies will be readily resolved by increasing the resolution of the microarray using random oligomers as well as oligo(dT) to prime cDNA synthesis and by carefully characterizing the nature of viral transcription and RNA accumulation as a function of the cell infected. Some discrepancies, however, are the result of inadequacies in our current kinetic classification schemes. The classification of three basic groups of transcripts (and the proteins encoded by them) is based on one or another measures of transcript abundance in infections where virus-induced protein and DNA synthesis are blocked with metabolic inhibitors. The subclassification into leaky late and strict late, early and delayed early, etc., is based on relative abundance at specific times before and after genome replication. Such a scheme fails to take into account the real situation where some transcripts are expressed at low levels throughout infection and neither amplified nor shut off. This would appear to be the case for LAT (latencyassociated transcript) and its truncated 5Ј-colinear polyadenylated transcript detected by probe sets R.C and R.F, respectively. Further, the levels of others transcripts are modulated posttranscriptionally. Other variations are also evident. For example, expression of the ICP34.5 protein has been classified as strict late (essentially requiring viral genome replication for expression), yet our experiments demonstrate that the tran- Our survey of the relative abundance of viral transcripts expressed during infection with the 27lacZ mutant virus, in which the posttranscriptional regulatory protein ␣27 (U L 54) has been inactivated, provides an excellent example of some of the advantages as well as limitations of using global quantitative analysis to form a complete picture of the situation inside the infected cell. Work from a number of laboratories has consistently shown that this protein has a major role in posttranscriptional regulation of viral RNA both through inhibition of splicing and by mediating the transport of a subset of viral transcripts from the nucleus to the cytoplasm in infected cells. This observation is based on a comparison in various cell types of the relative levels of ␣4, ␣0, ␣47
, U L 52 (helicase-primase), U S 6 (gD), and U S 11 (RNA binding protein) on polyribosomes as well as the ratio of viral transcripts in the nucleus versus the cytoplasm (18-21, 34-36, 41, 52 ). While we will need to use polysome-associated and nuclear and cytoplasmic RNA fractions for a complete comparison, generally the results of these studies are consistent with those presented in Table 4 . Thus, increases in the levels of ␣4 and ␣47 (U S 12) were evident (19) (20) (21) . Despite this overall consistency, we did not see the marked reduction in levels of U L 30 (DNA polymerase) and U L 52 (helicase-primase) transcripts reported (52) . Also, DNA microarray analysis demonstrated an increased signal using the U.38 probe set specific for the U L 38 transcript in contrast to the complete absence of full-length transcript on polyribosomes noted by Hibbard and Sandri-Goldin (21) . In other work, however, these same workers found that 3Ј probes specific for U L 38 mRNA detected a 0.4-kb transcript in 27lacZ-infected cells, while 5Ј probes detected nothing (M. K. Hibbard and R. M. Sandri-Goldin, unpublished data). Such a result suggests the stable accumulation of a misprocessed form of this transcript in mutant-infected cells. Such stable RNA fragments may also account, in part, for the other discrepancies noted here.
While it is clear that greater probe resolution and RNA fractionation will be required to fully characterize the specific transcripts accumulating during infections with mutants lacking functional ␣27 (U L 54) protein using DNA microarray technology, the resolution of the present chip is still sufficient to add new information. Thus, the accumulation of the ␣4 and ␣47 (U S 12) transcripts is reflected by a similar increase in the level of ␣22 (U S 1) mRNA (Table 5 ). This suggests that the ␣27 (U L 54) protein may play a role in modulating levels of these immediate-early transcripts during the normal course of infection. The increase in abundance of transcripts detected by the U.30 and U.39 probe sets suggests important roles for them at the earliest stages of infection, and their apparent refractoriness to inhibition of protein synthesis in HeLa cells may be a related phenomenon. The statistically significant decrease in the abundance of ICP34.5 as seen with the loss of material hybridizing to probe set R.A suggests that the ␣27 protein also modulates the expression of this neurovirulence factor.
HSV-1 infection augments the abundance of some cellular transcripts. Hobbs and DeLuca (22) , using an HSV mutant expressing primarily ICP0 and a human DNA microarray, noted induction of cellular transcripts. A similar array specific for 327 cellular genes was recently used to assess the effect of wt HSV infection in human embryonic lung cells (25) . In agreement with these surveys, our much less extensive survey of cellular genes shown in Table 5 and Fig. 3A reveals a marked general decrease in transcript abundance. Exceptions include a limited number of stress response and cellular transcriptional regulatory genes. None of the transcripts surveyed were included in our group of cellular probes, but it is notable that the transcription factor ATF4 transcript abundance was increased since we found this to also be the case for the ATF3-specific transcript. In our studies, the INF␣/␤ probe showed the most striking increase in cellular transcript abundance, and we also found increases in ISG 54K E2, JUNC, N-SHC, STAT5, and TAP1 transcripts consistent with a major effect on a limited number of stress response and regulatory genes.
A role of the ␣27 (U L 54) protein in the shutoff of host cell protein synthesis has been inferred from studies of protein synthesis in mutant virus-infected cells (36, 39, 50) . Our analysis adds significant dimension to that picture by showing that the protein is directly involved in a decline in host mRNA abundance. Despite the general lack of decline of host cell transcripts, no correlation with extensive splicing was noted, and several were clearly reduced during infection with the regulatory mutant. Reductions in the levels of MHC (major histocompatibility complex) class II may reflect a role of ␣47 (U S 12) protein, although its primary function appears to be in the MHC class I pathway (17) . Decreases in CYCLIND1, IL6, JUNC, p107, p130, HSP130K, and RARb transcripts must reflect the specific function(s) of other viral genes.
When adjusted for the appropriate controls, the abundance of only a few cellular transcripts increased during infection with the mutant virus. While similar to those increased in wt infections, the set was not identical. These results suggest that the ␣27 (U L 54) protein plays a role in the induction or stabilization of specific cellular genes following infection. This role may be related to its differential effect on the abundance and stability of only a subset of viral transcripts. It will be of interest to determine whether such transcripts contain common structural motifs.
Conclusions. As useful as the application of DNA microarray analysis is and will continue to be in studying viral gene expression in cultured cells, such infection does not necessarily reflect the process of virus infection and spread in the host. The most promising application of HSV-specific chips will be in analysis of viral replication in reactivation from latent infection and infection of a specific organ or cell type. Further, techniques are now available for collection of individual neurons and laser dissection of individual cells or extremely small samples of differentiated tissue and for the amplification of RNA in such tissues (14, 28, 43, 44, 46, 51) . The power of the approach will be augmented by assaying an increasing collection of cellular genes (both human and those specific for the animal model being studied) chosen to represent those whose expression is modulated by the stress of viral infection. The broad patterns of HSV and critical cellular gene expression exhibited under various conditions of infection and under the influence of defined modification of critical regulatory genes will illuminate potential critical points in the course of virus replication in the whole animal. Those differentiated cells and tissues where there is a critical restriction of virus replication are precisely the points where it can be expected that the full panoply of viral regulatory circuits must operate to optimum effect. They will provide important experimental subjects for further regulatory studies.
